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“Ecological stoichiometry,” a framework that focuses explicitly on the balances and
flows of chemical elements within and between organisms and ecosystems, has
provided crucial insights into many biological patterns and processes. Despite the
proliferation of stoichiometrically-focused studies in recent decades and recognition
of the potential for rapid evolution of stoichiometric traits, the prevalence of genetic
variation in stoichiometric traits within species remains unclear. We compiled data from
30 published common garden studies of a broad range of taxa (including invertebrates,
vertebrates, and autotrophs) to examine how genetic variation influences the acquisition,
assimilation, allocation (AAA), composition, and excretion of elements. To quantify the
extent of genetic variation for a given trait we calculated the absolute mean response
ratio from pairwise comparisons of populations within the same common garden (820
population and 708 genotype comparisons). We observed substantial intraspecific
variation of stoichiometric traits across populations and among genotypes; however,
the magnitude of variation was greater in AAA traits (effect sizes of 20 and 164% for
population and genotype contrasts, respectively) and excretion (effect sizes of 52 and
23%) than in content of carbon (2.1 and 3.1%) and nitrogen (4.5 and 24%). These
results suggest that the content of some elements may be evolutionarily constrained
relative to AAA traits that determine the processing of these elements, and that a
sole focus on elemental content would underestimate the importance of intraspecific
genetic variation, particularly within populations. Across many trait types the variation
was greater among genotypes within a population than across populations. Finally,
we compared pairs of populations from environments with different phosphorus (P)
availability to pairs of populations with similar P availability. Genetic variation in the traits
measured was similar regardless of the P environment from which genotypes were
isolated, suggesting that differences in elemental availability across environments do not
necessarily drive enhanced trait divergence. Overall, our results highlight the substantial
amount of intraspecific variation in stoichiometric traits and underscore the potential
importance of intraspecific variation in driving ecological and evolutionary processes.

Keywords: elemental phenotype, evolution, eco-evolutionary dynamics, phosphorus, organismal stoichiometry,
nutrient excretion, intraspecific variation
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INTRODUCTION

Ecological stoichiometry (ES) is a scientific framework that views
living systems as composite chemical reactions which, like all
physical processes, are governed by the law of mass balance
(Sterner and Elser, 2002; Sterner et al, 2015). In doing so,
ES focuses explicitly on the balance and flow of elements and
energy within and between organisms and ecosystems. The ES
framework has applicability across a wide range of disciplines,
from astrobiology to cancer research (Elser, 2003; Elser et al.,
2007), and can be applied across multiple levels of biological
organization and across taxa. It has also been argued that
explicit consideration of an organism’s “stoichiometric traits”
(i.e., elemental contents and traits that influence the flux of
elements between an organism and its environment) is a natural
and convenient way to investigate the complex interplay between
ecology and evolution (Kay et al., 2005). This is because elements
can be traced through space and time, such that genetic variation
in stoichiometric traits can be linked mechanistically to variation
in environmental elemental availability (Matthews et al., 2011;
Leal et al., 2017b).

Despite the apparent potential for stoichiometric traits to
link ecology and evolution, there remain some fundamental
gaps in our understanding of the genetic basis of variation
in stoichiometric traits. In particular, while the composition,
acquisition (A), assimilation (A), allocation (A), and excretion
(E) of elements (hereafter referred to as “elemental composition”
and “AAA) or “AAAE”) are regarded as the defining traits of
the stoichiometric phenotype (Jeyasingh et al., 2014), it remains
unclear how and to what extent genetic factors actually contribute
to their variation within and between natural populations of
conspecific organisms. Heritable trait variation is central to
evolutionary processes, and high levels of intraspecific genetic
trait variation within populations can be thought of as “fuel”
for adaptation (Barrett and Schluter, 2008). At the same
time, intraspecific genetic variation in stoichiometric traits has
been identified as an important driver of variation in local
ecological processes, such as leaf litter decomposition, that
can scale up to affect overall ecosystem functioning (Whitham
et al., 2006; Silfver et al., 2007). Quantification of the genetic
component of intraspecific variation in stoichiometric traits can,
therefore, help to identify which traits have the potential for
contemporary evolution, and would represent an essential step
toward the development of a stoichiometrically-explicit eco-
evolutionary framework.

Intraspecific genetic variation in stoichiometric traits might
emerge as a direct response to nutritionally-based or other
selection pressures (Leal et al., 2017b), or because the
stoichiometric traits are mechanistically correlated with other
physiological, life history, and morphological traits, as in the
well-documented coupling between P content and individual
growth rate (the Growth Rate Hypothesis or “GRH”; see
Elser et al., 2000a, 2003, 2008). However, stoichiometric traits
also exhibit considerable plasticity, i.e., variability in response
to environmental parameters (i.e., Townsend et al, 2007;
Gonzilez et al, 2011). For example, plant foliar nutrient
content and resorption are often strongly correlated with

soil nutrient availability (Schade et al., 2003; Rejmankovd,
2005), and the elemental composition of invertebrates can be
highly sensitive to the elemental composition of their diets
(e.g., Visanuvimol and Bertram, 2011; Zhou et al, 2018).
Thus, in many prior studies that have considered intraspecific
variation in stoichiometric traits, the respective genetic and
environmental drivers of intraspecific variation have likely been
confounded. However, as the field of ES has matured, an
increasing number of studies have conducted “common garden
experiments” that can be used to assess the magnitude of
intraspecific genetic variation in stoichiometric traits. These
experiments minimize the effects of the environmental factors
by comparing genetically distinct individuals within a common
“garden” environment, thus allowing for the quantification
of genetic variation either within or between populations
(Lynch and Walsh, 1998). Synthesis of such studies could
illuminate whether genetic variation is present, the relative
amount of genetic variation within and across populations,
which stoichiometric traits show genetic variation, and whether
elemental limitation could influence evolution in nature
(Elser, 2006; Leal et al., 2017a; Rudman et al., 2019).

To determine the amount of intraspecific genetic variation
in ES traits, we conducted a meta-analysis of studies that
have measured ES traits on individuals reared in common
gardens. These studies typically fall into two broad categories:
those that compare ES traits between pairs of populations,
and studies comparing ES traits of different genotypes from
within a single population. From these studies we collected
data on intraspecific genetic variation in ES traits, which we
defined as measures of elemental content or movement, and
life history data (specific growth rate, size/mass). We used
these data to answer four questions about the extent of genetic
variation in ES traits. (1) How much intraspecific genetic
variation is present in ES traits relative to key life history
traits? Here we used somatic growth rate and morphological
characteristics to represent two key traits that are not explicitly
stoichiometric, but have often been measured concurrently with
ES traits. We predicted similar levels of genetic variation in
life history traits and ES traits because all traits, at some
level, have an elemental basis. (2) Do particular classes of
ES traits show more genetic trait variation than others? We
predicted that elemental composition would show reduced
variation relative to AAAE traits, as there are well-documented
constraints in elemental composition that are maintained by
stoichiometric homeostasis (Sterner and Elser, 2002). (3) Is
the magnitude of intraspecific variation among genotypes (i.e.,
within a population) similar to that observed across populations?
Individuals from different populations are often reproductively
isolated and likely experience a more divergent environment
than genotypes from a single population (Schluter, 2000). As
such, we predicted a greater magnitude of genetic trait variation
between distinct populations than among genotypes from within
a population. (4) How does the magnitude of intraspecific genetic
variation differ when comparing populations from distinct and
similar stoichiometric environments? As resource stoichiometry
has been demonstrated to be an important selection pressure
(Jeyasingh and Weider, 2007), we predict that populations from
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distinct stoichiometric environments will show greater genetic
variation than populations from similar environments.

MATERIALS AND METHODS

Data Collection

We collected studies for the meta-analyses by searching the ISI
Web of Science (v. 5.32) and Google Scholar databases with
“title” or “abstract” search terms “(‘ecological stoichiometry’
OR ‘biological stoichiometry’) AND (‘intraspecific variation’ OR
‘evolution’) AND ‘common garden™. Searches were conducted
between the 15-17th of May 2019. These search terms produced
4 results in Web of Science and 197 results in Google Scholar.
We screened these 201 studies for suitability based on their
titles, abstracts, methods, and results. We then examined the
reference lists of the seemingly-appropriate articles for additional
studies that did not appear in our search results. We excluded
studies that did not include data on ES traits. Thirty studies
were eventually selected via this process. Importantly, this was
not an exhaustive collation of the studies that might have met
our criteria. This is presumably a result of our selection of
search terms, which were necessarily broad in order to capture
the full range of taxa, study systems, and ES traits throughout
the literature without biasing our search toward particular
combinations of these study foci. Thus, our collection of studies
is perhaps best thought of as a large, reproducible sample of
the literature with a bias toward studies conducted within the
ES framework. We also note here that we explicitly excluded
studies of genetic variation that was created by artificial selection
(i.e., the crop and livestock literature) because the amount
of genetic variation across treatments in artificial selection
experiments will largely be proportional to the amount of
standing variation included in the study and the strength and
duration of artificial selection.

During study selection, it became clear that studies generally
fell into two broad categories. Specifically, some studies reported
stoichiometric trait variation within populations (i.e., variation
among distinct genotypes), while others reported variation
among distinct populations (i.e., variation in population trait
means). We assigned each study to one of these categories
(Table 1), and the categories were used as fixed effects variables
as part of the meta-analysis.

For each study we recorded details of location, ecosystem
type, focal taxa, the purported reasons for differentiation
between populations and all measured stoichiometric traits.
For a given trait to be included in our analyses, it was
necessary that at least two studies reported common garden
data about that trait. We considered traits to be explicitly
“stoichiometric” if they were part of the elemental phenotype
defined by Jeyasingh et al. (2014) as elemental composition,
acquisition, assimilation, allocation, and excretion (CAAAE).
Many organismal traits, including growth rate and body size,
are often closely coupled with CAAAE traits in such ways that
could justify their categorization as a “stoichiometric trait” if
defined broadly. By adopting a strict definition of stoichiometric
trait, we are able to qualitatively compare the intraspecific
genetic variation of unambiguously stoichiometric traits with

life history traits that do not explicitly involve the movement
of elements.

Due to differences in how often CAAAE traits have been
measured we found it necessary to subdivide or group certain
traits. We considered the content of carbon (C), nitrogen (N)
and phosphorus (P) and their ratios as separate traits due to
the abundant reporting of elemental composition. Few studies
measured acquisition, assimilation, or allocation, therefore we
grouped these aspects of the elemental phenotype into a single
trait category (AAA) for all elements. We also recorded somatic
growth rate and measures of mass and size as “morphological
traits” because they were the most commonly measured life
history traits for comparison. Studies on invertebrates and
vertebrates measured and reported elemental composition of
whole organisms, while studies on plants used leaf tissues. In
studies on plants, we included data from studies that measured
either green or senesced vegetation as elemental content and
data on the decomposition rate of plant material, which has
modest heritability (Rodriguez-Cabal et al., 2017), was included
as excretion (Table 1).

Means, variances, and sample sizes for traits were extracted
from repositories, tables, figures, or text. Standard deviation
was estimated from SE, 95% confidence intervals or quantiles
using standard methods (Higgins and Green, 2008; Bland, 2015).
We used DataThief III (Tummers, 2006) to extract data from
figures. Where data were not provided in a format suitable for
our analyses, we contacted study authors via email to request
the relevant data. In cases where study designs featured more
than one type of common garden (e.g., Dinh Van et al., 2013),
population contrasts within different common gardens were
treated as unique observations. For example, if there were two
common gardens, and population A and population B were both
raised in both common gardens, then there were two population
contrasts included in our meta-analysis dataset, one for each
common garden.

Effect Size Calculation

For each trait within a study, we compared the difference
in genotype/population’s trait values by calculating the
log response ratios (LRR) for all pairwise combinations of
genotypes/populations grown in the same common garden.

Trait
LRR = y; = In [ =221 (1)
Trait,
. SD12 SD22
variance LRR = v; = + (2)

1y QTraitz)2

Where i is the study, mj is the genotype/population
mean, SD; the standard deviation and #; is the sample size
(number of replicates), with j = 1, 2 corresponding to the
two genotypes/populations being compared. We choose to use
LRR because (i) it is dimensionless, allowing for comparison
between studies with different methodologies and units, (ii) it
is easily interpretable as it quantifies the proportionate change
(Hedges et al., 1999), and (iii) the value of the LRR is not
affected by non-independent samples (Noble et al., 2017). We

n (Trait1)2
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TABLE 1 | A complete list of the studies included in the meta-analysis, with information on study type —either populations (“P”) or genotypes (“G"); the number of
populations/genotypes (“# Pop/Geno”), the type of ecosystem considered (Terrestrial, Freshwater or Marine); the coarse taxonomic group of the study organism (Plant,
Invertebrate, or Vertebrate); the Latin name of the study organism; for populations, if they were from biogeochemically distinct environments (always “no” for genotypes);
the number of common gardens in the experimental setup (“# CGs”); the list of traits that were measured in the study (“Measured Trait”), and; the trait category under

which they were grouped in the meta-analysis (“Response Variable,” with “SGR” standing for Somatic Growth Rate).

References Study #Pop/Geno Ecosystem Group Species Biochem #CGs Measured trait Response variable
type distinct?
Barbour et al. (2015) G 26 Terrestrial Plant Salix hookeriana No N content N content
C content C content
C:N C:N
Body length Morphology
Chowdhury and Jeyasingh P 2 Freshwater  Invert. Daphnia Yes P content P content
(2016) pulicaria P net incorporation AAA
Chowdhury et al. (2014) G 2 Freshwater  Invert. Daphnia No P retention efficiency  AAA
C retention efficiency
P excretion Excretion
C excretion
Crutsinger et al. (2009) G 12 Terrestrial Plant Solidago No N content N content
altissima C content C content
C:N C:N
Decomposition rate Excretion
Crutsinger et al. (2014b) G 5 Terrestrial Plant Populus No P content P content
trichocarpa N content N content
C content C content
C:P C:P
C:N C:N
Body length Morphology
Crutsinger et al. (2014a) G 2 Terrestrial Plant Baccharis No C:N C:N
pilularis
Dalton et al. (2017) P 4 Freshwater  Vertebrate  Poecilia No N content N content
reticulata C content C content
P content P content
C:P C:P
C:N C:N
N:P N:P
N excretion Excretion
P excretion
N:P excretion
SGR SGR
Declerck et al. (2015) P 2 Freshwater  Invert. Brachionus Yes C content C content
P content P content
C:P C:P
Use efficiency AAA
DeMott et al. (2004) P 2 Freshwater  Invert. Daphnia Yes P content P content
dentifera
Dinh Van et al. (2013) P 3 Freshwater  Invert. Ischnura No Zn content Zn content
elegans SGR SGR
Espeset et al. (2019) P 2 Terrestrial Invert. Pieris rapae Yes N content N content
C content C content
C:N C:N
Mass Morphology
Frisch et al. (2014) P 4 Freshwater  Invert. Daphnia Yes P retention efficiency ~ AAA
pulicaria P use efficiency
SGR SGR
Gusewell et al. (2006) P 2 Terrestrial Plant Solidago No N content N content
gigantea C content C content
P content P content
N mineralization AAA
P mineralization
Decomposition rate Excretion
Mass Morphology
(Continued)
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TABLE 1 | Continued

References Study #Pop/Geno Ecosystem Group Species Biochem Measured trait Response variable
type distinct?
Hughes et al. (2009) G 8 Marine Plant Zostera marina  No N uptake rate AAA
Mass Morphology
Jeyasingh et al. (2009) G 6 Freshwater  Invert. Daphnia No C content C content
pulicaria P content P content
Jeyasingh et al. (2015) P 2 Freshwater  Invert. Daphnia pulex  No P content P content
P excretion Excretion
P retention efficiency ~ AAA
C retention efficiency
P uptake rate
C uptake rate
SGR SGR
Johnson et al. (2009) G 39 Terrestrial Plant Oenothera No C:N C:N
biennis Mass Morphology
Leal et al. (2017a) P 2 Freshwater ~ Vertebrate  Gasterosteus  No P content P content
aculeatus N:P N:P
P excretion Excretion
Condition Morphology
Body length
LeRoy et al. (2007) G 4 Terrestrial Plant Populus No N content N content
backcross P content P content
C:N C:N
LeRoy et al. (2007) G 5 Terrestrial Plant Populus No N content N content
F1_hybrid P content P content
C:N C:N
LeRoy et al. (2007) G 5 Terrestrial Plant Populus No N content N content
fremontii P content P content
C:N C:N
LeRoy et al. (2007) G 5 Terrestrial Plant Populus No N content N content
angustifolia P content P content
C:N C:N
LeRoy et al. (2012) G 5 Terrestrial Plant Populus No C content C content
tremuloides N content N content
C:N C:N
Liess et al. (2013) P 2 Freshwater  Vertebrate = Rana temporaria No P content P content
C content C content
N content N content
Mass Morphology
SGR SGR
Liess et al. (2015) P 2 Freshwater  Vertebrate  Rana temporaria No P excretion Excretion
N excretion
Mass Morphology
SGR SGR
Madritch and Hunter (2005) G 9 Terrestrial Plant Quercus laevis  No C content C content
N content N content
C:N C:N
Madritch et al. (2006) G 5 Terrestrial Plant Populus No C content C content
tremuloides N content N content
C:N C:N
Decomposition rate Excretion
Moodly et al. (2018) P 9 Freshwater  Vertebrate Gambusia Yes N content N content
marshi C content C content
P content P content
C:N C:N
C:P C:P
N:P N:P
N excretion Excretion
P excretion
N:P excretion
Mass Morphology
(Continued)
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TABLE 1 | Continued

References Study #Pop/Geno Ecosystem Group Species Biochem #CGs Measured trait Response variable
type distinct?
Neiman et al. (2012) P 2 Freshwater  Invert. Potamopyrgus  No 2 P content P content
antipodarum SGR SGR
Prater et al. (2017) P 4 Freshwater  Invert. Daphnia Yes 3 P content P content
pulicaria P use efficiency AAA
SGR SGR
Prater et al. (2017) P 8 Freshwater  Invert. Daphnia Yes 3 P content P content
mendotae P use efficiency AAA
SGR SGR
Rudman et al. (2019) G 2 Freshwater  Vertebrate Gasterosteus  No 1 Zn content Zn content
aculeatus P content P content
Rudman et al. (2019) P 2 Freshwater  Vertebrate Gasterosteus ~ Yes 2 Zn content Zn content
aculeatus P content P content
P uptake rate AAA
Sherman et al. (2017) G 10 Freshwater  Invert Daphnia No 2 P content P content
pulicaria P acquisition AAA
C acquisition
P assimilation
C assimilation
P net incorporation
C net incorporation
P retention efficiency
SGR SGR
Trakimas et al. (2019) P 3 Terrestrial Invert Gryllus integer  No 1 C content C content
N content N content
C:N C:N

Resting metabolic rate AAA

defined #; differently for studies comparing genotypes and
those comparing populations. For genotype studies, n; was
the number of individuals measured for a given genotype.
For population studies, n; was the number of genetically
distinct individuals measured for a given population. For
example, in a sexually reproducing species #; is the number of
individuals measured, but in studies of cyclical parthenogens
(e.g, Daphnia) n; is the number of distinct clone lines
measured. If it was not clearly indicated that genetically different
individuals were included in the study, then #; was recorded
as 1.

In the set of studies that compared traits of different
genotypes from the same population, we were not always
able to use all pairwise comparisons to calculate LRRs. This
group of studies often had a larger number of genotypes
to be compared than studies comparing distinct populations
(maximum number of genotypes compared was 39, and
populations was 9), and the use of all pairwise comparisons
was too computationally demanding. Instead, if a common
garden measured <5 genotypes we calculated the LRR for all
pairwise combinations. However, if six or more genotypes were
measured (six studies), pairwise comparisons were performed
for only five genotypes (min, first quartile, median, third
quartile, max). With this method we took a subset of the
data to be computationally reasonable and to represent the full
range of trait values. We also used a conservative approach
and calculated all LRRs within a common garden using the
median trait value as the denominator in Equation 1 (see

Supplementary Material). Although the magnitude and 95%
credibility interval of some mean effect estimates of these
two methods differed, it did not change the interpretation of
the data. In the studies that compared mean traits between
populations, the maximal number of distinct populations was
small enough to enable us to compute all possible pairwise
comparison, even for the two studies that had more than five
distinct populations.

Global Meta-Analysis

We were interested in the magnitude, rather than the direction
of, trait differences across populations and among genotypes;
therefore, we analyzed the absolute values of LRRs. We
used an “analyze and transform” approach derived from
Morrissey (2016) to account for the folded-normal distribution
of absolute value effect sizes (Hereford et al., 2004; Kingsolver
et al, 2012). First, we implemented Bayesian meta-analytic
random-effects models in R (R Core Team, 2016) with the
MCMCglmm package (Hadfield, 2010). We ran a separate
model for each trait with study type as a fixed effect to
obtain separate effect sizes for distinct population and genotype
studies. Each trait may have a different level of sample error
due to measurement techniques and technology. We account
for measurement error in our analyses in two ways. First,
we weighted the effect sizes by the inverse of the sample
variance. Second, we have modeled each trait separately, allowing
each trait to have a different error structure. The model
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structure was:

Vij ~ B % X + study; + cgjji + mjj + e;j (3)
mi; ~ N(0, Mjj)

where yj; is the untransformed LRR for the trait from the j-
th common garden (cg) which is nested in the i-th study;
B is the estimate of the fixed effect; X is a dummy-coded
variable representing whether the LRRs were comparing distinct
populations or genotypes; study; represents the random intercept
in the i-th study, cgj; represents the random intercept for
the j-th common garden in the i-th study, and e;; represents
residual error. Effect size estimates were weighted using m;,
which accounts for the known sample variance associated with
trait y; and the covariance structure of effect sizes through
the use of matrices Mj;. For each common garden j, the M;;
matrix was constructed following Noble et al. (2017) to account
for within-common-garden covariance of effect sizes due to
pairwise comparisons (i.e., covariation because each population
was represented in multiple contrasts). The matrix was created
using the function make_VCV_matrix() (Noble, 2019). Every
effect is represented by both a row and column in the matrix
which has sample error variance on the diagonal and estimates of
covariance between effect sizes on the off-diagonals. Covariance
was estimated as cov (k,I) = r x /Vi * /V}, where k and
I are the row and column ID of the within-common-garden
matrix, V is the sampling variance calculated for each effect
(“variance LRR” in Equation 2) and r is the correlation between
effect size k and | which was assumed to be 0.5 for all oft-
diagonal elements.

For each model, we used non-informative priors for fixed
effects and inverse-Wishart priors for random effects (Hadfield,
2010). We ran the model for 150,000 iterations, discarded the
first 30,000 as burn-in and used a thinning interval of 15. We
examined plots of Markov chain Monte Carlo to ensure good
mixing. We generated posterior predictive distributions for each
type of contrast (distinct populations or genotype comparisons)
for each trait. These distributions were then transformed using
a folded-normal distribution. This transformation allowed us to
present the mode and 95% highest posterior density intervals
(95% credible intervals) that relate to absolute effect sizes
(Morrissey, 2016). When using absolute effect sizes, confidence
intervals that do not cross zero are not necessarily indicative of
effects that are significantly different than zero (Morrissey, 2016).
Thus, we use the absolute effect size magnitude to compare each
contrast of our study on the same scale.

Effect of Phosphorus Environment on

Population Traits

We performed an analysis on a subset of data to investigate
if populations from stoichiometrically distinct environments
displayed a greater amount of trait variation than populations
that were not identified as stoichiometrically distinct. For our
stoichiometrically distinct populations we specifically looked
at studies in which it was stated that resource P availability
differed between the environments from which the populations
originated. We focused on environmental P availability in this

subanalysis because P is an essential, non-substitutable elemental
resource for all life forms, and because it was the only element for
which there were sufficient studies and observations to enable the
analysis. Populations were considered to be from environments
with similar P availability if there was no mention of nutrient
resource stoichiometry in the methods or results. After filtering
studies, we had limited data for this analysis, therefore we focused
on the three traits which had at least 10 pairwise comparisons:
P content, AAA and somatic growth rate. We used the same
statistical procedure as in the global meta-analysis to determine
mean effect size, now using differences in P availability (binary
Yes/No) as a modifier.

RESULTS

From the 30 studies we found, 17 compared populations,
12 compared genotypes and one had both population and
genotype comparisons (Table1). The 18 studies comparing
distinct populations had a total of 44 common gardens, with a
range of 1-6 common gardens per study. Most of these studies
were on invertebrates (n = 11) while comparatively fewer focused
on vertebrates (n = 6) and plants (n = 1). The studies were
overwhelmingly conducted on freshwater organisms (n = 15),
with fewer terrestrial examples (n = 3). Eleven different genera
were represented, with Daphnia being the most commonly
studied (n =5). Elemental composition was the ES trait measured
most frequently (study n = 15) while excretion (n =5) and AAA
traits (n = 8) were less commonly measured.

The 13 studies that assessed variation among genotypes within
a population had a total of 23 common gardens, with a range of 1-
4 common gardens per study. Most of the genotype studies were
focused on plants (terrestrial n = 8, marine n = 1), and a few
focused on freshwater invertebrates (n = 3) and vertebrates (n
= 1). There were 8 genera represented, with the most common
being Populus (n = 4) and Daphnia (n = 2). Similar to the
population studies, the most frequently measured ES traits were
elemental composition (n = 12) while excretion and AAA traits
were each only measured in three studies.

Among the 30 studies included in our meta-analysis, 21 were
based on populations of organisms that were obtained from
ecosystems in North America. Of the nine remaining studies,
eight were based on populations from north-western continental
Europe, and one was based on a single species of freshwater
snail from New Zealand. We found no suitable studies of tropical
organisms to include in our meta-analyses.

How Much Intraspecific Genetic Variation
Is Present in ES Traits Relative to Life
History Traits?

The magnitude of genetic variation was large for both life
history traits, with effect sizes of 30.9 and 84.4% for morphology
and somatic growth rate across populations, and of 32.8 and
146% for the same among genotypes. Most ES traits showed
a moderate or small amount of genetic variation (i.e., absolute
effect size; Figure 1) relative to life history traits. Differences
among genotypes in AAA traits was the only effect size that was
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FIGURE 1 | Magnitude of trait differences among pairs of populations (black) or genotypes (gray) grown in the same common garden. Points represent the mode of
the posterior distribution and error bars are 95% credible intervals of the effect sizes. Posterior distributions of effects were taken from models that included common
garden nested in study as a random effect, and the posterior distributions were transformed with a folded normal distribution to obtain the magnitude of difference
between pairs of populations or genotypes. Percentage difference in trait values were calculated by back-transforming the mean effect sizes. n represents the number
of pairwise comparisons used to calculate each effect size. Somatic growth rate and morphology (measures of mass and size) effect sizes are denoted with a dashed
line to indicate that this meta-analysis is not a comprehensive review of common garden experiments that measured these traits.

larger than life history traits (with an effect size of 164%) and
the magnitude of this effect can be partially attributed to a single
study that found substantial genotypic effects, particularly for P
retention (Sherman et al., 2017).

Do Particular Classes of ES Traits Show

More Trait Variation Than Others?
Of the stoichiometric traits, excretion and AAA traits showed the

most variation across populations and among genotypes, while
elemental composition varied less (Figure 1). Contents of P, N
and C showed decreasing levels of trait variation (Figure 1), with
particularly low levels of variation across populations and among

genotypes in both N and C. Consequently, nutrient ratios that
include P show more trait variation than C:N (Figure 1).

Is the Magnitude of Intraspecific Genetic
Variation Similar Among Genotypes (i.e.,
Within a Population) to What Is Observed

Across Populations?

We found a similar magnitude of trait variation among genotypes
that came from the same population as we did when we compared
distinct populations (Figure 1). For some traits, namely AAA,
P content, and N content we saw more trait variation among
genotypes than among populations (Table 2). To ensure that
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TABLE 2 | Deviance information criteria (DIC) of models for each trait with and
without study type (global analysis) or stoichiometric environment (sub analysis) as
a categorical variable.

Analysis Group Trait ADIC
Global ES Excretion 13.08
AAA 398.55
Ratio NP NA
Ratio CP 7.44
Ratio CN 24.15
Zinc content NA
Phosphorus content 404.94
Nitrogen content 44.63
Carbon content 10.61
Life History Morph 3.15
SGR -0.28
Phosphorus environment ES AAA 7.56
subanalysis Phosphorus content 0.18
Life History SGR —0.06

Positive ADIC values indicate that the model with study type or stoichiometric environment
as a fixed effect is the model that would best replicate a similar dataset. ADIC < 2
indicates little support for the inclusion of the categorical predictor variable, 2 < ADIC
< 10 indicate some support and ADIC > 10 indicates strong support (Burnham et al.,
2002). “SGR” stands for Somatic Growth Rate. Bold values indicate at least some support
for the inclusion of study type (global analysis) or stoichiometric environment (sub analysis)
as a categorical variable in the model.

this result was not an artifact of statistical methodology we
conducted a supplemental analysis. We calculated LRRs for
genotype studies using a different, more conservative approach
and still found that there was similar or greater variation
in traits when comparing genotypes than when comparing
populations (Figure S1).

Do Populations From Different
Biogeochemical Environments Show More

Trait Differentiation?

Our subanalysis included a total of 17 studies; two studies
that differed in resource availability, but not specifically P,
were removed from this analysis. Seven studies (16 common
gardens) used populations originating from environments that
differed in P availability. All seven studies focused on freshwater
invertebrates, and five used Daphnia spp. Populations that were
from environments with different P availability did not show any
more trait differentiation than those from populations without
any known or measured biochemical differences (Figure 2).
Somatic growth rate and P content showed nearly identical
differentiation across populations that did and did not come from
different P environments (somatic growth rate: 85 and 100%
difference, P content: 9.4 and 4.8% difference), while AAA traits
varied more in populations that were from similar environments
(Table 2; Figure 2).

DISCUSSION

Our meta-analysis of common garden studies uncovered
substantial intraspecific genetic variation in most ES traits.

However, the magnitude of genetic variation that we observed
for ES traits was generally less than what was observed for key
life history traits measured in these same studies. Among ES
traits, acquisition, assimilation, allocation, and excretion traits
tended to vary more than elemental composition traits (i.e.,
the elemental content and stoichiometric ratios of organism
biomass), and there tended to be markedly more variation among
genotypes than across populations. Taken together, these results
suggest that genetic variation in ES traits, particularly AAAE
traits, within and across populations may be important for
ecological and evolutionary outcomes.

Evolution and the Magnitude of Genetic
Variation in ES and Life History Traits

Our meta-analysis revealed substantial genetic intraspecific
variation in ES traits across a range of taxa. These findings join
a growing body of literature that has demonstrated that variation
below the species level can be both substantial and biologically
important (Schweitzer et al., 2004; Crutsinger et al., 2006;
Whitham et al., 2006; Post et al., 2008; Violle et al., 2012; Des
Roches et al., 2018). In the light of these findings it is increasingly
clear that incorporating data on intraspecific variation is likely to
increase understanding of ecological patterns in nature (Bolnick
etal., 2011). Our comparison of the amount of genetic variation
in ES traits and the genetic variation in life history traits
demonstrated that nearly all types of ES traits showed lower
genetic intraspecific variation than life history traits. One clear
exception was genetic variation among genotypes in AAA traits,
which was influenced by a large amount of variation in one study
(Sherman et al., 2017). If this difference in variation between ES
and life history traits is genuine, it could be inferred that less
genetic variation in ES traits is maintained within populations
and that ES trait means evolve slowly across populations, in
comparison to life history traits. It is certainly plausible that life
history traits should vary more widely than ES traits, because
constraints on organism elemental composition may be strong
relative to those on some life history traits, and because trade-
offs in element allocation within an organism could decouple
variation in the total elemental content of an organism from
variation in organism morphology and/or growth rate (Meunier
etal., 2017).

The evolution of ES traits has been explicitly assessed in
various ways in a small number of prior studies. Two studies
have calculated the heritability of ES traits using genotypes
from wild populations (H? = 0.61 [Barbour et al, 2015];
H?> = 0.18-0.21 [Crutsinger et al., 2014a]) suggesting that
ES traits can respond to selection when genetic variation is
present (but see Hansen et al., 2011). Indeed, artificial selection
experiments have shown that all livestock species appear to
have genetic variation for feed efficiency and this variation often
has moderate heritability (Arthur and Herd, 2005). Moreover,
artificial selection experiments on ES traits tend to achieve
rapid ES trait evolution in agricultural species (Neely et al.,
2008; de Verdal et al, 2013; Mignon-Grasteau et al., 2017).
Selection on life history traits can also lead to evolution in ES
traits, for example, artificial selection on body size can produce
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FIGURE 2 | Magnitude of trait differences among pairs of populations that were from environments with distinct levels of P availability (gray) or not (black), that were
grown in the same common garden. Only traits that had 10 pairwise comparisons were included in this analysis: somatic growth rate, acquisition, assimilation, and
allocation (AAA) and phosphorus content. Points, error bars and line types as in Figure 1.

rapid evolution in P content (Gorokhova et al., 2002). We were
able to locate two selection experiments where environmental
conditions were manipulated and evolution of ES traits were
tracked through time in laboratory conditions. In one of these
experiments ES traits did not evolve over ~130 generations
(Declerck et al., 2015) while the second experiment, which found
that N and P content evolved in carbon-limited conditions,
assessed trait evolution over 50,000 generations (Turner et al.,
2017). We were only able to find a single instance of tracking
the evolution of ES traits of natural or naturalistic populations
(Frisch et al., 2014). In this study, the comparison of genotypes
hatched from Daphnia resting eggs originating from a 700-year
time interval in a single lake undergoing cultural eutrophication
revealed an effect of P availability on AAA traits but not elemental
composition (Frisch et al., 2014). Clearly, much more work is
needed to determine whether and when ES traits evolve rapidly
in natural contexts. Selection experiments conducted in nature
or observational studies that track the evolution of populations
through time in both ES and life history traits would provide
valuable empirical data on the rate of evolution of ES phenotypes
with realistic population dynamics and selective landscapes.
These types of approaches could improve the understanding of
whether and why ES traits tend to show less genetic variation than
life history traits.

Differences in the Magnitude of Genetic

Variation Among Stoichiometric Traits

One of the fundamental principles of ES theory is that the
elemental composition of organisms is constrained by their basic
requirements for the non-substitutable elemental resources that
are allocated to fundamental biological structures and processes
(Reiners, 1986; Sterner and Elser, 2002). Many of these life-
enabling structures and processes are ancient (e.g., bone and
wood; Wagner and Aspenberg, 2011; Morris et al, 2018),
and some are as old as life itself (e.g., RNA synthesis; Joyce,

1989). Thus, it is perhaps not surprising that we found little
genetic variation in bulk elemental composition within species,
because any contemporary variation is miniscule relative to that
found over the entirety of evolutionary history. In other words,
the magnitude of rapid evolution in elemental composition
is limited relative to what is seen across species with deep
evolutionary divergence.

However, there was substantially more intraspecific genetic
variation present in the AAAE traits than in the elemental
composition traits, and this was the case for both genotype
and population comparisons (Figure 1). This leads to questions
about constraint of genetic diversity for elemental composition
relative to AAAE traits. Acquisition, assimilation, allocation, and
excretion are traits which actually contribute to and maintain
elemental composition within the necessary range for organismal
growth, maintenance, and survival (Sterner and Elser, 2002).
Thus, our results suggest that there is more genetic variability
in the strength of stoichiometric homeostasis than there is
in the actual bulk elemental composition of organisms. This
makes sense, given that genetic variation in AAAE traits is
a pre-requisite for genetic variation in elemental composition
(Jeyasingh et al., 2014). Indeed, elemental composition reflects
the “balance” between the acquisition, assimilation, allocation,
and excretion of elements at a given point during an organism’s
life. An evolved change in elemental composition would,
therefore, presumably entail a corresponding heritable shift in the
balance among AAAE traits.

Importantly, this does not mean to say that elemental
composition does not evolve. Over macroevolutionary timescales
evolution has generated an enormous diversity of stoichiometric
phenotypes across taxa (Sterner and Elser, 2002). Yet much of
this stoichiometric diversity has emerged not necessarily because
ES traits are (or were) under direct selection, but because
they are mechanistically correlated with functional traits that
have had direct fitness implications. For example, the high
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C:nutrient ratio of a woody tree is a consequence of selection
for height, which imparts an obvious competitive advantage
to terrestrial autotrophs. Wood provides the rigid structural
material necessary for this height and has a C:N ratio 200-1000
(Levi and Cowling, 1969). Thus, as entire organisms, trees have
high C:N ratios relative to other organisms, but not because
C:N ratio was under direct selection per se. Another example of
indirect selection on ES traits with clearer implications for rapid
evolution, comes from the stoichiometric growth rate hypothesis
(GRH), which asserts that the functional trait of rapid growth
has a P rich signature due to the high P content of ribosomal
RNA (Elser et al., 2000b; Sterner and Elser, 2002). Identifying the
stoichiometric patterns associated with variation in a larger suite
of functional traits will be tremendously valuable to the study of
evolutionary and ecological relationships (Meunier et al., 2017).

Within the elemental composition traits, we found more
variation in P content than in C and N content. This is consistent
with the argument that variation in organism P content will
generally be greater than variation in organism C and N content,
because levels of C and N tend to be similar among major
biomolecules (i.e., protein and nucleic acids) while P content
varies widely among biomolecules (e.g., protein contains no
P, while RNA contains around 9.2% P; Sterner and Elser,
2002). Thus, changes in proportional concentrations of major
biomolecules on a cellular level can scale up to drive variation in
overall organism P content. Our results provide a novel genetic
perspective that supports the view that P content is more variable
than C and N, at least in the case of genotype comparisons.

Genetic Variation in ES Traits Within

Populations and Across Population Pairs

We collected data on the amount of genetic variation by
comparing across population pairs and among genotypes
from the same population. The extent of variation among
genotypes was generally larger than variation in population
trait means, even when using a conservative methodology
to calculate genotypic variation (Figure S1). When comparing
across populations, we assessed shifts in the means between pairs
of populations, which does not explicitly account for variation
within populations. As such, our finding that genetic variation
is generally greater amongst genotypes within a population
than across populations reflects that the average genetic trait
difference between genotypes is larger than the average trait shift
between populations. Finding lower levels of variation across
populations than among genotypes indicates that there is either
little differentiation across populations, or large amounts of
variation among genotypes. Whether this is to be expected or not
depends on where genetic variation within a species is expected
to be found: within or across populations. Genomic sequencing
both within and across populations has uncovered support for
each, including cases where the majority of genetic variation
is found within populations (Pometti et al., 2015) and cases
where the majority is found among them (Bakker et al., 2006).
From the latter perspective this result is surprising, given that
genetic variation within a population is limited by recombination
amongst genotypes, which would serve to limit divergence within

a population (Jain and Bradshaw, 1966; Ehrlich and Raven, 1969).
There is potential for increased variation across populations
because they originated from different environments, which
have the potential to act as an agent of divergent selection
driving local adaptation, whereas the genotypes compared mostly
originated from the same environment. Genotypes may show a
high amount of variation due to fluctuations in the environment,
gene flow, or any other mechanism that can enhance the
maintenance of trait diversity. On the other hand, trait divergence
between populations may be limited if they do not come from
stoichiometrically-disparate environments (e.g., little divergent
selection on ES traits) or do not show substantial local adaptation
due to stoichiometric constraints.

Our data provide some ability to assess the role of
environmental differences, specifically P availability, in driving
divergence in ES traits across populations. Populations that
come from divergent P environments and those that come
from similar P environments showed no differences in the
amount of genetic variation in ES traits. This suggests that
natural environmental differences in elemental availability may
not be a sufficiently strong agent of selection to drive rapid
evolution in ES traits, which could explain the largely similar
levels of variation observed across genotypes and pairs of
populations. Determining whether the limited variation we
observed across natural populations is due to comparatively
modest environmental stoichiometric differences or other factors
that could limit divergence of populations (e.g., low divergence
times, connectance between populations, reduced efficacy of
selection) would be valuable in addressing this disparity.

Caveats and Limitations of the
Meta-Analysis

There are several limitations in our analysis stemming from the
meta-analysis framework, the nature of common gardens, and
the specific designs of the studies available. First, studies that
met the criteria for our meta-analysis included both plants and
animals, but those that measured variation across genotypes were
dominated by plants and cladocerans. Thus, inherent differences
among taxonomic groups may be confounded with the genotype-
and population-level comparisons, though the relative amounts
of variation were similar among all taxonomic groups. Second,
genotype-level variation may be overestimated relative to natural
populations, because some studies included genotypes with low
ecological fitness (e.g., Sherman et al., 2017) and some collected
genotypes from wide geographical areas that covered a range of
environments similar to the magnitude of variation we would
expect across populations. Third, many of the common gardens
were only conducted for a single generation, meaning that
maternal and epigenetic effects could represent latent sources of
trait variation (Weaver et al., 2004). Finally, a “common garden”
allows for measurement of the amount of genetic variation in
traits in a single environment and the chosen environmental
conditions may influence the amount of trait variation displayed.
For example, there was more variation in P-acquisition and
assimilation under P-limited conditions relative to P-sufficient
conditions (Sherman et al., 2017). However, we assumed that
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the common garden conditions were chosen by the original
study authors to reflect ecologically-relevant environments, and
that the trait variation we observed is, therefore, a reasonable
representation of that found in nature.

Ecological Consequences of Intraspecific
Variation in ES Traits and the Potential for

Eco-Evolutionary Feedbacks

Over the past two decades there has been a growing recognition
that intraspecific trait variation can have large effects on
ecological patterns and processes (Schweitzer et al, 2004;
Crutsinger et al, 2006; Whitham et al, 2006; Post et al.,
2008; Harmon et al.,, 2009; Bassar et al., 2010; Violle et al.,
2012; Des Roches et al., 2018). Intraspecific variation in ES
traits has been identified as particularly likely to have strong
ecological consequences because ES traits connect the organism
with its environment. Our meta-analysis uncovered substantial
differences in the amount of intraspecific variation across types
of ES traits, with excretion and AAA traits showing considerably
more intraspecific variation than most elemental ratios and
measures of elemental composition. Although there have been
few empirical tests of the ecological consequences of intraspecific
variation in ES traits (but see Chowdhury and Jeyasingh,
2016), any evolution that shapes these traits is likely to have
ecological consequences (Jeyasingh et al., 2014; El-Sabaawi et al.,
2016). Future experimental work that measures the ecological
consequences of genetic variation in ES traits in ecologically
realistic contexts will be crucial to determining the importance of
intraspecific variation in ES traits for community structure and
ecosystem function.

Ideally, this future work will indicate whether rapid evolution
of ES traits is likely to have ecological consequences, and
whether these ecological consequences could lead to rapid
evolution (i.e., an eco-evolutionary feedback). Using a strict
definition of eco-evolutionary feedback (Schoener, 2011), two
interacting processes would be required: ES traits would have
to evolve rapidly in a population and the evolution of these
ES traits would need to modify the environment in a way that
significantly affects selection on that population. The potential
for eco-evolutionary feedbacks mediated by the evolution of
ES traits has been much discussed (Jeyasingh et al, 2014;
Leal et al., 2017b; Rudman et al., 2019), and some studies
have demonstrated that rapid evolution can shape elemental
availability (Bassar et al., 2010; Rudman and Schluter, 2016). Yet,
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